The def i ni tion of the de ter min is tic ap proach in the safety anal y ses co mes from the need to un der stand the con di tions that come out dur ing
Introduction
Fire and smoke be hav iour in side the tun nel de pend mostly on ven ti la tion, ei ther nat u ral or forced. Dif fer ent ven ti la tion anal y ses are pres ent in the lit er a ture, em pir i cal mod els that are of ten com bined with a net work ap proach for com plex tun nel net works [1] . Computational fluid dy namics (CFD) mod els [2, 3] are usu ally used for the anal y ses of the ven ti la tion sys tem, the op er a tion re gime dur ing the fire and the as sess ment of the op ti mal air ve loc ity and the ven ti la tors set-up [4, 5] . Au thors like [6] pres ent sim ple models for the com pu ta tion of crit i cal ve loc i ties, where dif fer en tial con ser va tion equa tions are solved in two or at least in one di men sion [7] . Math e mat i cal mod els are gen er ally vali dated on stan dard ex per i ments [8] or on small-scale ex per i ments. How ever, it is clearly noted that find ings and re sults are very rare in di cated for the im me di ate use in prac tice for tun nel con struc tors, safety sys tems pro ject ants, fire man's, and oth ers [9] .
Fol low ing this idea we be lieve, that a meth od ol ogy of fire safety val u a tion, which im proves ex ist ing meth od ol o gies and is based on de ter min is tic ap proach, is nec essary. The pre sented anal y sis in cludes the fire pirolisys, shar ing the tun nel into sec tors of dif fer ent sizes, and the cal cu la tion of fire dy nam ics with a CFD model. The ob tained data are still too much sci en tific, thought they are pre sented in a graphs and di a grams. The prob lem co mes when 15 or 20 sce nar ios are re quired in a safety as sess ment and a num ber of graphs be come too large. This kind of re port should be very com pre hen sive and dif ficult to un der stand by the user (tun nel op er a tor). The idea is there fore to de sign a tun nel risk anal y ses tool, which is based on CFD re sults for dif fer ent fire sce nar ios and in cludes ba sic hu man be hav iour e. g. re sis tance on height tem per a ture and gas con cen tra tion, evac u a tion ve loc ity, re ac tion times, and other fea tures [10] .
Methodological approach on tunnel safety
In or der to iden tify the in ter ac tive and unit ing re la tion ships in a sys tem, anal y sis is nec es sary to re place the ap par ent struc ture of in di vid ual state ments on the com po nents of a sys tem and their re la tion ships with their un der ly ing com mon log i cal struc ture (sys tem anal y sis). For ex am ple, if we are deal ing with a sys tem which we call "a chem i cal pro cess plant", we get at its var i ous com po nents suc ces sively, by means of de duc tive anal y sis: the build ings, the op er a tors, the stor age tanks, the con trol sys tems, the op er at ing pro ce dures, etc. [11] . Each such com po nent is thrown into the mod el ling re al ity by a dis tinct act of notic ing, and is steadily held to gether with those com po nents al ready seg re gated. The aim of sys tem anal y sis is to in ves ti gate the sys tem's be hav iour (i. e. the suc ces sion of its states over time) on the ba sis of its com po nents' changes with time. The re sults of sys tem anal y sis can be ex pressed in qual i ta tive and quan ti ta tive terms (state ments re sult ing from "qual i tative anal y sis" and num bers re sult ing from "quan ti ta tive anal y sis").
There are dif fer ent types of sys tems with re gard to pre dict ing be hav iour [12] . -Deterministic systems are perfectly predictable. That is, they follow an entirely known rule (law, equation, or fixed procedure) so that the state of each component and of the entire system can be given at any time for any time in the past and future. The states of deterministic systems can be described by statements or by numbers specifying, for example, physical characteristics of the system (observables, such as length and mass of a physical object). -Probabilistic systems involve some degree of uncertainty in predicting their behaviour and require "random variables" to describe the system's components and their interactions. There is no general agreement on what "randomness" of a system actually means (it could, for example, mean generated by chance mechanism, being unpredictable, showing a lack of an apparent order, etc.). By describing the states of probabilistic systems by probability numbers, it uses past knowledge to predict future states [13] .
-Chaotic systems are systems whose future is difficult or impossible to predict over a long period of time because it strongly depends on arbitrarily small and thus not observable variations in the current state. Small variations in the current state of the system can result in large and unpredictable differences in a subsequent state.
De pend ing on the avail able data, pos si bil i ties, re quire ments and re sults of in terest, we should de cide the best ap proach to de scribe the phys i cal sys tem. If we are able to de scribe the sys tem with phys i cal equa tions, the de ter min is tic ap proach should be applied. Oth er wise, if the val ues of the in ter est ing vari ables are un de fined and only sta tis tical data are avail able, the proba bil is tic ap proach is used. The event of fire in side a tun nel is a very com plex phe nom e non with a great num ber of de pend ing vari ables. How ever many au thors, as we in the fol low ing sec tions, have dem on strated that it should be ef ficiently mod elled and sim u lated, in clud ing the most in flu en tial ini tial and bound ary condi tions. The de ter min is tic ap proach breathe into the anal y sis of the greater part of phys ical events like fire source char ac ter is tic and its dy nam ics, the op er a tion of the ven ti la tion sys tem and other con di tions as well as their re cip ro cal in ter ac tions. The ap proach leads also to the def i ni tion of the tech ni cal sys tem "safety ef fi ciency" in the range of pos si bil ities that ex ist in a real word and are func tion ally de scrip tive. When the ap proach is used in prac tice, we should de fine a num ber of "safety cat e go ries" base on events prob a bil ity and con se quences for the in di vid ual risk. The ex am ple in pre sented in tab. 1. Note that, in these schemes, a quan ti ta tive def i ni tion is of ten given in ad di tion to the qual i ta tive def i ni tion, mainly to en sure con sis tency in the course of the anal y sis and pro vide benchmarks ("semi-quan ti ta tive anal y sis"). In schemes of this type, the as sessment team, usu ally com pris ing mem bers of line man age ment, safety en gi neers and op era tions per son nel, will first iden tify all haz ards, us ing HAZOP or sim i lar ap proaches, and then as signs a se ver ity cat e gory to each of these, for both like li hood and con se quences [14] .
Fol low ing the as sump tions in tab. 1, a "risk ma trix" would then be de fined as a 5 ´ 5 ma trix with each side cor re spond ing to one se ver ity cat e gory (tab. 2). Table 2 . Deterministic safety analysis -example of risk matrix [12] "Like li hood" "Se ver ity cat e gory" Con se quences "Se ver ity cat e gory" Dif fer ent shad ing in a ta ble in di cates dif fer ent risk lev els. Haz ards with high assess ments, such as A1, B1, and A2 in the black squares, are thought of as be ing very severe and re quir ing im me di ate ac tion to re duce. Haz ards with low as sess ments, such as E5, E4, and D5 in the white squares, are con sid ered to re quire no fur ther ac tion. Haz ards be tween these two (grey squares) are con sid ered wor thy of some im prove ment if a cost-ef fec tive so lu tion can be found.
The two meth ods of risk anal y sis (qual i ta tive and quan ti ta tive) are of ten not sepa ra ble but up grade each other. Fig ure 1 shows the event tree for the ex am ple of a fuel leak out. The quan ti ta tive ap proach is ap plied be cause the event prob a bil i ties are de fined. The re sults of the event tree are sev eral pre dicted sce nar ios with cal cu lated fi nal event frequen cies. Be tween nine fi nal sce nar ios, there are three fire sce nar ios with a ma jor frequency; G2, G5, and G8. Fur ther work leads in two di rec tions, with proba bil is tic approach on de ter min is tic ap proach. In the fol low ing sec tions the meth od ol ogy and re quire ments of us ing a de ter min is tic ap proach is ex plained more is de tail.
Computer models and simulations
De ter min is tic mod els that would con sider all phys i cal pa ram e ters are al most unfea si ble in prac tice and if fea si ble would re quire very com plex and time con sum ing compu ta tions. The ap pli ca tion of de ter min is tic anal y ses re sults in prac tice is con di tioned by the sim pli fi ca tion of some phys i cal phe nom ena (like tur bu lence) [15, 16] . The ge om e try of the tun nel is eas ily de fined, how ever the def i ni tion of wall bound ary con di tions require a good un der stand ing of tube the ory, es pe cially re gard ing wall fric tion. In tun nel mod el ling ap pli ca tion and re search sev eral mod el ling ap proaches ex ist, whose use depends on the ap pli ca tion of re sults. Here are em pir i cal and lumped pa ram e ter mod els, one-di men sional mod els, zone mod els, and CFD mod els [18] . The last ap proach and a prac ti cal use of re sults are pre sented in the fol low ing sec tions.
Physical background
The com puter code name is FDS (Fire Dy nam ics Sim u la tor). The fluid flow is mod elled by solv ing the ba sic con ser va tion equa tions. Those are con ser va tion of mass (1), con ser va tion of mix ture frac tion (2), con ser va tion of mo men tum (3), and con ser vation of en ergy (4) us ing a form for low Mach num ber [19, 20] 
where r is a density, r u -a velocity vector, Z -the mixture fraction, T -the temperature, and D is a molecular diffusivity. p is the perturbation pressure caused by pressure differences, t -the viscosity stress tensor, and k -the thermal conductivity. &¢¢¢ q c and Ñ×q R are the source terms of chemical reaction and radiation, respectively. The radiation term has a negative sign because it represents a heat sink [19] .
The ef fect of the flow field tur bu lence is mod elled us ing LES (Large Eddy Simu la tion), in which the large scale ed dies are com puted di rectly and the sub-grid scale dissipative pro cesses are mod elled [20, 21] . The un known sub-grid stress ten sor t is modelled by Smagorinsky model [22] .
Combustion model
The com bus tion model is based on the as sump tion that the com bus tion is mixing-con trolled. This im plies that all spe cies of in ter est can be de scribed in terms of the mix ture frac tion Z. Heat from the re ac tion of fuel and ox y gen is re leased along an in finitely thin sheet where Z takes on its stoichiometric value as de ter mined by the so lu tion of the trans port equa tion for Z. The state re la tions are cal cu lated for a stoichiometric re action of C 7 H 16 (Oil), which is pro posed by [19, 23] , and called a crude-oil re ac tion.
Soot formation
Soot is an im por tant con trib u tor to ther mal ra di a tion in fire. In or der to cal cu late the ra di a tion ac cu rately, soot must be con sid ered [24] . Due to the ex treme com plex ity of soot for ma tion pro cess, no very good model is cur rently avail able for soot pre dic tion in the com bus tion of solid fuel, al though some sig nif i cant prog ress in the soot mod el ling has been made in the re cent years. In this pa per the soot was con sid ered by as sum ing a con stant soot con ver sion fac tor 3.7%. The soot for ma tion rate was sim ply as sumed to be pro por tional to the fuel sup ply rate [2] .
Model validation
The sec tion pres ents the FDS model val i da tion with ex per i men tal data from Memo rial Tun nel test pro gram 1993 to 1995 in USA. The tun nel is 853 m long and 7.9 m in height with 3.2% slope. Many tests have been con ducted with dif fer ent fire source pow -ers and dif fer ent ven ti la tion pro grams. The val i da tion pres ents two dif fer ent val i da tion sce nar ios, with 50 MW fire and nat u ral ven ti la tion and 100 MW fire with forced lon gi tudi nal ven ti la tion. The fuel used on the ex per i ment and sim u lated is oil filled into a flat con tainer [25] . Us ing the same fuel, dif fer ent fire heat re lease rates are ob tained only by chang ing the burn ing sur face [26] .
Geometry of the model
The ge om e try, ini tial and bound ary con di tions are ar ranged to the tun nel ge om e try and fire pa ram e ters. Fig ure 2 shows the ge om e try of the tun nel from the ex ter nal view. The upper clo sure is just few me ters long and is a ven ti la tor room. The fire is lo cated 615 m from the west por tal and is symmet ri cal to the cross-sec tion. The fire is as sumed a heat re lease source with a spe cific power 2700 kW/m 2 , where the ox y gen and fuel con sump tion and the re lease of com bus tion prod ucts depend on the stoichiometric equa tion 11O 2 + C 7 H 16 ® 7CO 2 + 8H 2 O. Here C 7 H 16 is a heptane, which burns very sim i lar to a crude-oil just with less soot re lease. This is ad di tion ally added to the com bus tion model as explained in sub sec tion Soot for ma tion. The model in cludes other com bus tion prod ucts (H 2 , N 2 , H 2 O, O 2 , ...) that are de fault con sid ered and are not mat ter of our re search.
Initial and boundary conditions
Ini tial bound ary con di tions are di vided to ge om e try ob sta cle con di tions and fluid ini tial con di tions. Walls of the tun nel are de fined as ther mally thick walls in the model, where heat trans fer is com puted to and through the walls. The ini tial tem per a ture of any ob sta cle is de fined the same as am bi ent (20 °C) tem per a ture. The ve loc ity be side the wall is cal cu lated as the av er age value of the ve loc ity in the first cell touches the wall and zero ve loc ity on the wall cell (zero ve loc ity). The heat re lease from the fire source is de fined as full power on the be gin ning of the sim u la tion, be cause data avail able from the ex per i ment are only for full-de vel oped fire. Ther mal ra di a tion ini tial con di tions are defined with ra di a tion in ten sity based on the ini tial tem per a ture of ob jects (am bi ent tem pera ture) and the air wave length that is mostly formed by ni tro gen. Heat of ra di a tion emit ted from walls is cal cu lated as black wall ra di a tion in ten sity. 
Figure 2. Geometry of the memorial tunnelnorth side
The model sim u lates the 3.2 % tun nel slope with the ad di tional grav ity vec tor com po nent in the di rec tion of the slope of 0.314 m/s 2 . The por tals are de fined as open bound ary con di tions that link the tun nel do main with the am bi ent.
The ap plied nu mer i cal grid is non-uni form. The ge om e try is di vided in three sec tions over the tun nel length; 560 m, 120 m and the third 185 m. The rea son is the require ment of the com bus tion model, which com pute the re ac tion and the heat re lease in the sec ond sec tion where the fire is lo cated. Other parts of the ge om e try do not re quire such a dense grid be cause of lower ve loc ity gra di ents.
MW fire results
The size of the pool is 20 m 2 and the heat re lease rate is 2700 kW/m 2 . The nu meri cal grid den sity is con stant around the fire source area 0.3 ´ 0.27 ´ 0.3 m in x, y, and z direc tions.
The ini tial and bound ary con di tions used are as de fined in the up per sec tion and the re sults are pre sented in the fol low ing fig ures.
The first com par i son is of the lower and the up per tem per a ture on fig. 3 . Af ter 5 min., the up per tem per a ture oc curs over the fire and is around 600 °C, the tem per a ture con tour 60 °C also agree well com par ing ex per i men tal and sim u la tion re sults. The ac curacy of the sim u la tion is also con firmed com par ing other tem per a ture con tours and their dis tance from the fire. The ma jor ity of stream lines move into the slope di rec tion (upstream) and a short tail of 150 m is formed down stream (back lay er ing ef fect).
Other pa ram e ters, mea sured on the ex per i ment are not pre sented in the val i dation be cause they are strongly de pend ent of tem per a ture.
Fig ure 4 shows the com par i son of tem per a ture fields 15 min. af ter the ig ni tion. The qual i ta tive es ti ma tion of booth re sults is quite good. Ob serv ing the con tour of 100 °C we found that its av er age height is al most the same around 2.5 m. In ad di tion, other contours, for ex am ple 300 °C, reach in booth cases the dis tance around 450 m.
The con clu sion of com par ing the re sults is that the model ge om e try, ini tial and bound ary con di tions and the set ting of nu mer i cal grid, con form to the nu mer i cal re quirements for the cal cu la tion of fluid dy nam ics in side the tun nel, against the ex per i men tal data. The ob tained in for ma tion's are fur ther used in the con struc tion of other sim i lar mod els.
The val i da tion ex per i ment on Me mo rial Tun nel Test [25] , known un der the num ber 615 B is a 100 MW fire with lon gi tu di nal ven ti la tion.
The set ting up of ven ti la tors and their signs are pre sented in fig. 5 . The com po si tion of the com puter model pre sented a great ef fort, be cause of insuf fi cient knowl edge of ini tial and bound ary con di tions. Fur ther more the min i mum require ments for space and time discretization have to be found, to ob tain sat is fied qual ity of sim u la tion re sults against ex per i men tal data.
The ap pro pri ate nu mer i cal grid den sity was de ter mined above all by con tin u ous sim u la tion rep e ti tion and com par i son of re sults. Based upon pre ce dent cal cu la tion and pre dicted ve loc i ties around ven ti la tors, which is around 30 m/s, the most op ti mal grid reso lu tion is: -in the ventilator surrounding ( Ini tial and bound ary con di tions are more dif fi cult to pre scribe as in the 50 MW fire, es pe cially for ven ti la tors def i ni tion. Ven ti la tors are pre sented as the source and sink of mass flow and are de fined as a thin vent in two di men sions. It means that the ven ti la tor ge om e try is not mod elled. The as sump tion ex posed has not a par tic u lar ef fect on the over all fluid dy nam ics through the tun nel as found dur ing tests. The ve loc ity bound ary con di tion, de fin ing the ven ti la tor, is 30 m/s and has the same sign on both side to al low the through out flow.
The cri te rion of the cor rect space discretization is the com pa ra ble sim u la tion of grav ity cur rents [27] that form tem per a ture fields pre sented in the fol low ing fig ures.
Com par ing booth tem per a ture fields mea sured on the ex per i ment and sim u lated with FDS af ter 300 s shows few dif fer ences be tween re sults. Up stream the fire on fig. 6 (left side) the cal cu lated tem per a tures field well agrees with ex per i men tal re sults, while down stream (right side) the sim u lated tem per a tures are lower for about 40% from ex per i -men tal. The main rea son found is a tran sient of grid den sity from 0.3 to 0.57 m, where a great part of the com pu ta tion ac cu racy is lost. Com par ing the 50 MW fire with nat u ral ven ti la tion and 100 MW forced ven ti la tion fire we found a great dif fer ence of ve loc ity gra di ents that are higher in forced ven ti lated test. This im plies the re quire ment of more ac cu rate grid res o lu tion [28] , par tic u larly in the fire sur round ing. The sec ond is the limit of the mix ture frac tion model that un der es ti mates the real fire size in the case of coarse mesh and in tro duces an em pir i cal cor re la tion to the model to cor rect the fire ac tual size. This has an im por tant in flu ence on the cal cu la tion of the air en trance to the fire sur face and con se quently to the cor rect com pu ta tion of heat re lease rate and tem per a tures.
Fig ure 7 shows the com par i son of tem per a ture fields for 100 MW fire, 14 min. af ter the fire ig ni tion. The ma jor dif fer ences are ob tained on the up stream (left) side, where the grav ity cur rent is not com pletely in verted down stream as pre sented on the exper i men tal mea sure ment. The first idea was the dif fer ences came from the dif fi cult setting-up of ini tial and bound ary con di tions on the model, but af ter many re peats, sim i lar re sults have come. Other rea sons of such dif fer ences should be: -difficult definition of initial and boundary conditions, -unsuitable numerical grid density (finest grid would extend the simulation time), -insufficient understanding of the geometry and experiment performance conditions, and -defectiveness of the turbulent model.
The set ting of fin est mesh was dif fi cult to ex e cute, be cause the sim u la tion would re quire a long com pu ta tion time. Fur ther more, re sults should be treated con ser va tively with a cer tain de gree of de vi a tion [29] . The dif fer ence should be quan ti fied from the figure where the ma jor de vi a tion is pre sented in a 100 m up stream flow. The con clu sions of val i da tion tests are that re sults from forced ven ti la tion models have to be han dled with care and with a good de gree of con ser va tion. Sim u la tion mod els with low ve loc ity gra di ents e. g. nat u ral or low speed forced ventilations should be ac cepted with a good de gree of ac cu racy. The ob tained knowl edge in set ting-up dif ferent mod els is then used in the prep a ra tion of other model sce nar ios, theirs ge om e try charac ter is tics and other con di tions.
Tunnel fire analysis
The search for a uni ver sal method is prac ti cally im pos si ble be cause of the problems com plex ity and the safety con cep tion. Most re search ers are avoid ing the uni ver sal meth ods be cause of their high com plex ity level and their rel a tively low re sult re al ity level. It is known that uni ver sal meth ods turn out right only as the o ries but their ap pli cation is hard to trans fer to real prob lems.
The meth od ol ogy pre sented in the dis ser ta tion is based on a model ac ces sion. The re al ity of the meth od ol ogy is proved with valid model re sults and nu mer ous sce narios with which a whole spec tre of tun nel fire prob lems is taken into ac count, con sid er ing dif fer ent types of ven ti la tion and dif fer ent fire sizes. Other pa ram e ters like: en vi ron ment in flu ence, traf fic den sity, and other char ac ter is tics of the tun nel are han dled sep a rately.
The idea is based on the mak ing of a de ter min is tic risk matrice as it is showed in tab. 2. The safety cat e gory is rep re sented by the power of the fire and the type of ven ti lation at dif fer ent strengths. The con se quences are eval u ated in the time dur ing the prog ress of the fire. The risk cri te ria are de fined as a re la tion be tween the hot smoke layer height, the dis tance from the fire po si tion, and the evac u a tion time of the us ers. In case the speed of the smoke is higher than the speed of the evac u a tion and in case the height of the hot layer is higher than the speed of the evac u a tion, the risk is high.
Tunnel fire scenario
Val i da tion tests from the sec tion Model val i da tion show the first suc cess ful simu la tion mea sure be cause they de fine the re li abil ity of the re sults. The first sim u la tion re liabil ity con di tion, are suit able phys i cal mod els and the nu meric re li abil ity of the trans fer equa tions res cue method. These facts are shown within the sub sec tion Com puter mod els and sim u la tions. The com puter pro gram FDS is a con sol i dated pro gram that en closes phys i cal mod els needed for the list of cir cum stances dur ing the fire in a tun nel. The pre cision while solv ing the trans fer equa tions is very de pend ent on the ge om e try and the ini tial and bound ary con di tions. In greater fire forces or high start ing speed the scale of the numeric net rep re sents a key con di tion for the ac cu racy of the re sults. That is why val i da tion tests are of key im por tance in the search for suit able mod els discretization.
All to gether 12 tun nel fire sce nar ios are pre sented. Three lev els of fire force are sim u lated, each with four dif fer ent types of ven ti la tion. The span of the fire force is between 20, 50, and 100 MW whilst the ven ti la tion is sorted from the less to the more ef fec -tive: 1 -nat u ral, 2 -lon gi tu di nal, 3 -semi trans verse, and 4 -trans verse or im proved trans verse ven ti la tion.
The whole sec tion of the sim u lated tun nel is 650 m long, the other di men sions are: width 10 m and height 8 m or 6 m when the roof is low ered. Though the di men sions and shape of the tun nel tube partly differenciate among them that does not in flu ence what hap pens dur ing the fire. That is why or di nary skel e ton mea sure ments are cho sen. The geom e try of the tun nel model, the type of ven ti la tion, and the lo ca tion of the fire are shown in fig. 9 .
The fire is placed on a dis tance of 300 m in all the mod els, it dif fers only in the size of the burn ing area. The fo cus point is de fined as the heat source to which the combusted model cal cu lates the mass trans fer on the base of the ac corded combusting reac tion and the ox y gen con sump tion. The fo cus point is shown in sketch ( fig. 8 ). When we de fine the base ig nit ing tem per a ture, heat con duc tiv ity, cal o rific value, etc. (de pend ing on the mod els de mands) it is treated in the model as com bus ti ble sub stance and it co op erates with the gen er a tion of heat in the combusting model. In case of the de scribed sce narios, the base is rel a tively small or of small vol ume, that is why the heat con tri bu tion of the burn ing base is only a few per cent of the de fined freed heat of the bound ary con di tion.
Fire simulation
As pre vi ously men tioned in pre vi ous chap ters, for the sim u la tion of cur rent dynam ics and com bus tion dur ing a fire, the com puter pro gram FDS ver sion 4 is used which is de vel oped by the NIST, USA. The CFD res cue model on per sonal com put ers is in wider use only in re cent years be cause of the suf fi cient ca pac ity of these com put ers. Un til then such sim u la tions could only be ex e cuted on work ing sta tions that were not avail able to ev ery one. Par al lel con nec tions be tween com put ers in a lo cal net work are used frequently be cause each per sonal com puter has lim ited hard ware ca pac ity. Be cause the limi ta tion in avail able mem ory of each com puter is im por tant we ac quire mul ti ple in creases in com puter mem ory with a par al lel con nec tion. This means that we can com prise grater ge om e try of the tun nel or a more dense nu meric net in a given sec tor. Even though the ca pac ity of the mem ory in creases so many times as there is more work ing mem ory avail able, that does not count for the cal cu la tion speed of the model. In the di vi sion of the model in sep a rate sec tors or par ti tions, the ex change of bound ary con di tions be tween par ti tions is de fined by pro gram. This de mands ad di tional com puter ca pac i ties, es pe cially be cause of the con ver gence of so lu tions on lim its of two par ti tions. In this case it is rec om mended to per form a par ti tion cover on the lim its with which we achieve a more ac cu rate so lu tion on cross ings. To the weak nesses of par al lel mod el ling, we can add the time spent on ex chang ing the data over the net work con nection in case it is not fast enough.
For the cal cu la tion of the 12 pre sented sce nar ios were used 4 con nected com puters -PC 2.8 MHz with a join mem ory ca pac ity of 2.5 GB. The discretization of each model amounts to near 800.000 com puter points which does not oc cupy all of the available work ing mem ory. From a com put ers view point this is im por tant be cause while calcu lat ing each op er a tion there is no writ ing on the com puter disk, which takes ad di tional cal cu lat ing time. Op ti mal re la tion be tween nu mer i cal grid den sity, cal cu la tion time and re sult re li abil ity has been cho sen af ter mul ti ple sim u la tion rep e ti tions, cal cu la tion times com par i son, and re sult val i da tion (nu meric and sen si tive com puter model anal y sis is not pre sented in this pa per).
Initial, boundary conditions and discretization
The def i ni tion of the ini tial and bound ary con di tions is a pe cu liar ity of each model. Four el e men tary types of ven ti la tion are dis cussed: nat u ral, lon gi tu di nal, semi trans verse, and trans verse. In def i ni tion of the ge om e try of the tun nel tube, the nat u ral and lon gi tu di nal ven ti la tion are dis cussed to gether and the semi trans verse and trans verse ones also in the same way. The com par i son is shown in fig. 9 .
It is clear that the tun nel mod els with nat u ral and lon gi tu di nal ven ti la tion take the whole sec tion of the tun nel, how ever the tun nel mod els with semi trans verse and trans verse ven ti la tion con sider only the light sec tion of the tun nel (with out the ven ti la tion drains). The suc tion flaps are de fined with the speed mar gin con di tion on the limit of the cal cu lat ing do main. The same goes for the in take ca nals in the trans verse ven ti la tion with the dif fer ence that the cur rent has the op po site di rec tion. The bound ary and ini tial con ditions of all of the four mod els shows tab. 4.
The space discretization of the mass equa tions, mo tive quan tity and heat en ergy is de rived with the method of fi nite dif fer ence in the cen tral dif fer en tial scheme in a square net. The time discretization of the trans fer equa tions is made on an ex plicit scheme of pre dic tor-corrector.
Parameters and approach to the result analysis
The sim u la tion re sults are pre sented on lev els of fire force and types of tun nel ven ti la tion shown in fig. 9 . The con se quences of the dis tance of the smoke and the temper a ture are qual i ta tively eval u ated from the cur rent and tem per a ture field. With this, it must be noted that mis takes are pos si ble in cal cu lat ing the av er age value in dif fer ent time and space steps, which are lim ited with the uni fied way of av er age cal cu lat ing. With that, it is true that the risk of ex po sure to smoke is that the par tic i pant is ex posed in the mo ment when the smoke reaches him. The most risky ex am ples are the ones when the par tic i pant does not start with the im me di ate self-res cue pro ce dure af ter the start of the fire and the sec ond when the spread ing speed of the smoke is higher then the self-res cue pro ce dure speed of the par tic i pants in the tun nel. The other risk cri te rion is high tem per a ture that usu ally has a lower con tri bu tion to the risk than smoke. In most cases this de pends on the way of ven ti la tion.
The limit value of the con cen tra tion of smoke par ti cles (PM10 heavy par ti cles with the di am e ter up to 10 mm) is 1000 mg/m 3 [18] and the limit tem per a ture is 50 °C [18] . Though the smoke par ti cles are less prob lem atic from a poi son ous point of view, than other com bus tible prod ucts (CO 2 -car bon di ox ide, CO -car bon mon ox ide, HCN -hy dro gen cy a nide, HCl -hy dro gen chlo ride, etc.) their re la tion to the con cen tra tion is con di tional and of ten very simi lar. From dif fer ent ex per i ments in the Me mo rial Tun nel [26] it can be found, for ex am ple, con cen tra tions of smoke par ti cles and CO in re la tion around 10:1. A sim i lar re la tion can be also found on toxic lev els of these prod ucts. LC 50 (le thal con cen tra tion 50%) for soot par ticles is 30 g/m 3 in a 30 min. ex po sure or 1-3 g min./m 3 LC 50 , for CO is 2000-3500 ppm, which is 2300-4000 mg/m 3 in a 30-60 min ex po sure [18] . The limit tem per a ture val ues of hu man en dur ance are ac cord ing to Gann [18] 100 °C for 30 min. and 75 °C for 60 min. of ex po sure. Be cause this in for ma tion is true for an adult man it is the most op ti mal. But within the same re search there are dif fi cul ties in breath ing al ready at 65 °C of air tem per a ture. Tak ing this into ac count there are two val ues that are used in the re sult anal y sis. The cho sen limit con cen tration of smoke par ti cles is 1000 mg/m 3 and the limit tem per a ture is 50 °C. The risk or con se quences are di vided in five cat e go ries that are shown in tab. 1: In the re sult anal y sis each cat e gory matches a log i cal in scrip tion and it con ditions with the time from the start of the sim u la tion, any dis tance from the fire area, fire force, way of ven ti la tion, limit value of the con cen tra tion of smoke par ti cles, and the limit tem per a ture. Then fol low the con di tional clauses of each cat e gory: The CFD sim u la tion re sults are dis creet in space and time with ex tremely small space and time steps. An anal y sis of so many in for ma tion is log i cal only in a graphic form ei ther with a graphic in ter me di ate start ing point (smokeview, ...) or with dis creet ness in only one vari able (space and time) in form of di a grams. From a safety view point and from a point of view of in ter ven tion dur ing the fire in the tun nel such a large quan tity of in for ma tion is il log i cal, un clear, and as such use less. From the whole data base mostly spa tially av er age val ues in height lon gi tu di nal the tun nel axis are im por tant to gether with the time av er age val ues with the in ter val of 60 sec onds. The in for ma tion is av er age also in the tun nel height with that the tun nel is di vided in four equal lay ers in which an av er age value for layer height is cal cu lated for each spa tial step. For an eas ier un der stand ing the ac ces sion is pre sented graph i cally on fig. 10 .
The marked points in fig. 10 rep re sent the av er age value of the vari ables that is used in the re sult anal y sis. In the hor i zon tal di rec tion the num ber of points is equal to the num ber of the CFD model di vi sions but in the ver ti cal di rec tion the num ber is re duced to four av er age val ues for each layer. De pend ing on the dis creet ness in the hor i zon tal di rection where the nu meric net is usu ally denser in the area with higher gra di ents the higher num ber of in for ma tion de scribes the smaller phys i cal dis tances.
Evacuation model
The eas ier dis cuss ing of re sults is en forced with the un der stand ing of the peoples be hav iour dur ing a fire in the tun nel which af ter the spot ted fire be gin with the self-res cue pro ce dure. This is a with drawal from the tun nel or to the first trans verse passage in two tube tun nel sce nar ios. The move ment of the peo ple in sim i lar con di tions is very un pre dict able, some be come im me di ately aware of the dan ger and be gin with the self-res cue pro ce dure oth ers do not per ceive the dan ger in time and start with the self-rescue pro ce dure too late. On self-res cue there is a sim pli fied model of peo ple move ment in the tun nel. The model takes into con sid er ation the el e men tary move ment pa ram e ters as: start of the self-res cue, walk ing speed, tun nel length, and log i cal cu ri os ity that in the initial lo ca tion north or south ar ranges the move ment di rec tion north or south. With this the pos si bil ity of a tun nel user ap proach ing the fire dur ing the self-res cue pro ce dure is excluded in the model. With a pro gram the self-res cue pro ce dure is de fined with the fol lowing con di tional note ( fig. 11) .
The marks in the note rep re sent: With the pre sented model the pos si bil i ties of the anal y sis or the fol low ing of the move ment of the us ers in the tun nel in crease ad di tion ally. The cal cu lated lo ca tions are then used for check ing the tem per a ture and the smoke con cen tra tion on the ground in these places and con se quently the level of risk.
Results
The pre sen ta tion of the re sults in a form of cur rent char ac ter is tic graph has proved to be un suit able. The shape of the cur rent pro file can give use ful in for ma tion only to an ex pe ri enced user and an ex pert of the tun nel ven ti la tion prob lems. More use ful in - for ma tion is the nu mer i cal value of the re quested vari able that is given in a spa tial and time step as it shows in tab. 5. In the ta ble, the tem per a ture and smoke val ues are given as the most in flu en tial risk pa ram e ters in the tun nel. In the sec ond part the ma trix gives a risk level on the ba sis of nu mer i cal val ues and con di tional de pend ence pre sented in sub section Pa ram e ters and ap proach to the re sult anal y sis . The first level of risk is pre sented by the pres ence of smoke that in cludes the first four risk stages, the pres ence of high temper a ture con trib utes ad di tional (the high est) risk stage. Ta ble 6 pres ents a de ter min is tic ma trix of risk dur ing a fire for a con stant lo ca tion in a tun nel that is 252 m north of the fire. The pic ture that we get whit this is very rep re sen ta tive be cause it con firms the the ory on safety anal y ses from the sec tion Meth od olog i cal ap proach on tun nel safety. From the ta ble the safety cat e go ries can be seen and ap pro pri ate con se quences can be al lo cated. Ta ble 6 has es pe cially a com par a tive pur pose for find ing the in flu ence of dif ferent types of ven ti la tion on the fire dy namic, smoke, and tem per a ture de vel op ment. We can log i cally as sume that the risk in low fire force is lower in com par i son with big ger fires. Fol low ing the same logic along with the con sid er ation of dif fer ent types of ven ti lation and man ner of man age ment it soon be comes dif fi cult. One of the no tice able dif ferences is the level of the cal cu lated risk (MR -me dium risk) in lon gi tu di nal ven ti la tion of a 20 MW fire. It is ex pected that the in creased risk also ap pears in the 50 MW fire but it is not so. The search for a cause is dif fi cult be cause this is hid den in the fluid dy nam ics dur - 
ing the fire, tak ing into ac count that the ge om e try, the dis creet ness, and the ini tial and bound ary con di tions (ex cept the force of the fire) are un al tered.
The sec ond im por tant re sult in the ta ble is the pos si bil ity of ana lys ing the in fluence of turn ing on the ven ti la tors on the form ing of the smoke cur tain. It is es pe cially notice able in the trans verse ven ti la tion of 50 and 100 MW fires where on the turn ing on, local in creased tem per a tures and smoke con cen tra tions oc cur.
Fur ther ob ser va tions and anal y ses are pos si ble with chang ing the ob served lo cation in dif fer ent time in ter vals.
Ta ble 6 is made as a func tion ally de pend ent dy namic ma trix, which chooses the cal cu lated val ues from the data base with the chang ing of the ob served lo ca tion and on the ba sis of the con di tions from sub sec tion Pa ram e ters and ap proach to the re sult anal ysis cal cu lates the risk. The ta ble is made with the programme Ex cel.
The fields that in clude the eas ier evac u a tion model are marked in the ta ble in a row -Evacuation: Ini tial location. With it is pos si ble to de fine the tun nel us ers lo ca tion in time in ter vals of one min ute on the bases of the start ing us ers po si tion, de lay with the self-res cue pro ce dure and the walk ing speed. In this way it is pos si ble to pre dict the tunnel us ers move ment for the fol low ing 15 min. and check the smoke con cen tra tion and the tem per a ture height to which they will be ex posed or es tab lish the risk level.
The ta ble rep re sents a con cep tual model for a gen eral pre sen ta tion of the risk in tun nels with dif fer ent types of ven ti la tion and dif fer ent fire forces. The ap pli ca ble use for the cho sen tun nel would dis cuss for ex am ple dif fer ent fire lo ca tions in stead of the dif ferent types of ven ti la tion.
MW tunnel fire scenario with natural ventilation
A 50 MW fire in a 650 m long tun nel is as sumed. The fire lo ca tion is on 352 m. The re ac tion and start ing self-res cue time are es ti mated to 120 s af ter the start of the fire. The lo ca tion of the ob served tun nel us ers is on 380 m or 28 m south of the fire. The av erage walk ing speed is es ti mated to 1 m/s.
The model cal cu lates the lo ca tion in time in ter vals on the bases of con di tions from sub sec tion Pa ram e ters and ap proach to the re sult anal y sis, and the risk on the bases of the pres ent smoke den sity and tem per a ture.
From the model it is clear that the smoke and high tem per a ture threaten the escap ing peo ple when they have not yet reached the tun nel por tal. This hap pens 300 s af ter the start of the fire. Be cause of the de layed start of the self-res cue pro ce dure the evac u ation time is over 6 min utes long and with it a suc cess ful es cape out of the tun nel is very ques tion able ( fig. 12 ).
Pro vided that the self-res cue pro ce dure be gins 30 s af ter the start of the fire, the evac u a tion time re duces to less than 5 min utes. The es cape suc cess is es sen tially greater which proves the sim u la tion sce nario on the fig. 13 .
With the in crease of the walk ing speed to 1.5 m/s the evac u a tion time re duces to app. 3.5 min. with which we avoid high smoke con cen tra tion and high tem per a ture. In these con di tions it can be as sumed that the self-res cue pro ce dure is suc cess ful. The re sults obtained are use ful for us ers and es pe cially to tun nel di rec tors for plan ning fire pro ce dures and fire drills and for fire men and res cu ers.
Conclusions
For a ma trix of a fire in a tun nel and a safety eval u a tion, the prob a bil ity ac cession is too gen eral be cause a greater event num ber of phys i cal le gal ity is shown with a sta tis ti cal prob a bil ity. A rel a tively ac cu rate fire dy nam ics ma trix, which is pos si ble with math e mat i cal mod els, is of ten meant only for sci ence. That is why the dis ser ta tion is ideally ori ented in the use of math e mat i cal CFD mod els for the mak ing of a sys tem of scenar ios that can be fur ther used for de vel op ing an ef fec tive fire plan or fire man age ment, fire drills, etc. A com plex of fire sce nar ios in dif fer ent tun nel ventilations and fire forces is pre sented in the work. The work in cludes a qual i ta tive anal y sis of the cur rent cir cumstances in four dif fer ent ven ti la tion con di tions; nat u ral, lon gi tu di nal, trans verse, and semi trans verse. In this way a com par i son of in di vid ual types of ven ti la tion sys tems, venti la tion plans and their ef fec tive ness in as sur ing suf fi cient evac u a tion times is pos si ble. Also a pos si bil ity of us age on a sin gu lar tun nel is pre sented, for which a de ter min is tic safety anal y sis within a se lected num ber of sce nar ios would be made. Such an ac ces sion re quires a lot of cal cu lat ing time but it is change able in the de vel op ment of the safety anal y sis and fire plan. The ge om e try and some ven ti la tion plans are "con stants" in this case and only the fire lo ca tion can be changed.
Apart from the num ber and way of set ting the sce nar ios, the sim u la tion re sults are val ues of the se lected vari ables. The dis cussed vari ables are mostly the smoke den sity and the tem per a ture which de fine the dif fer ent risk lev els on the ba sis of the hu man endur ance in in creased val ues and con di tional in ter act ing de pend ence. On this ba sis the deter min is tic risk ma trix is made which is the key el e ment of the dis ser ta tion. The ma trix pres ents a pas sage be tween a prac ti cal way of us ing the CFD model and the user who needs clear and fast ac ces si ble data of the sit u a tion dur ing a fire in a tun nel.
